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and gastric cancer has been demonstrated (Kim et al., 2011) , and a growing body of evidence 22 supports the relationship between specific bacteria and various types of cancer (Garrett, 2015, 23 Sahingur and Yeudall, 2015) . For example, Fusobacterium nucleatum, a common inhabitant of 24 the oral cavity, is over-represented in colorectal carcinoma (Castellarin et al., 2012, Kostic et al., 25 2012) and can induce colorectal carcinogenesis by activating E-cadherin/β-catenin signaling 26 (Rubinstein et al., 2013) . F. nucleatum can also inhibit natural killer (NK) cell cytotoxicity and 27 killing of various tumors (Gur et al., 2015) . High levels of antibodies to Porphyromonas 28 gingivalis, a keystone pathogen in periodontal diseases, correlate with a greater than 2-fold 29 increased risk of pancreatic cancer (Michaud, 2013) . P. gingivalis is also associated with oral 30 squamous cell carcinoma (OSCC). The surfaces of OSCCs harbor higher levels of Porphyromonas 31 compared to contiguous healthy mucosa (Nagy et al., 1998) , and P. gingivalis can be detected 32 within gingival carcinomas by immunohistochemistry (Katz et al., 2011 tumor progression in an oral-specific chemical carcinogenesis mouse model (Gallimidi et al., 35 2015). pathways. In response to P. gingivalis infection Jak1/Akt/Stat3 signaling is activated with 42 resultant increase in Bcl2 and inhibition of intrinsic mitochondrial apoptotic pathways (Yilmaz et 43 al., 2004 , Mao et al., 2007 . By an independent mechanism P. gingivalis upregulates the level 44 of miR-203 which suppresses expression of SOCS3, consequently impeding apoptosis (Moffatt 45 and Lamont, 2011) . In tandem with suppression of apoptosis, P. gingivalis promotes 46 acceleration of primary epithelial cells through the S-phase of the cell cycle by impacting 47 cyclin/CDK activities and reducing the amount of p53 (Kuboniwa et al., 2008) . The process is 48 dependent on the major fimbriae of P. gingivalis as a mutant deficient in FimA, the structural 49 fimbrial subunit protein, does not induce increased cell proliferation. process by which epithelial cells change shape and acquire a motile phenotype (Lamouille et al., 55 2014). The EMT is required for normal development and wound healing; however, it is also 56 associated with the generation of self-renewing tumor-initiating cells, and in a malignant tumor 57 it gives rise to a population of migratory and invasive cancer cells (Lamouille et al., 2014) . This 58 switch in cell differentiation and behavior is controlled by a group of transcription factors 59 including the zinc-finger E-box-binding homeobox 1 and 2 proteins (ZEB1/2), SNAIL and TWIST 60 (Vandewalle et al., 2009 , Scanlon et al., 2013 . The ZEB1 (δEF1, Zfhx1a, Zfhep) and ZEB2 (SIP1) 61 transcription factors are critical EMT activators that bind to 5`-CACCTG sequences and repress 62 F o r P e e r R e v i e w 5 transcription of epithelial specific genes such as E-cadherin (cdh1) (Vandewalle et al., 2009) .
63
ZEB can also positively regulate genes associated with the mesenchymal phenotype such as 64 those encoding vimentin and matrix-metalloproteinases (Vandewalle et al., 2009 , Lamouille et 65 al., 2014 . ZEB1/2 are in the TGFβ signaling pathway, binding SMADs and having essential 66 effects on embryonic development (Gheldof et al., 2012) . ZEB1 has been implicated in 67 activating EMT and metastasis in several type of cancers (Sanchez-Tillo et al., 2012, Jia et al., 68 2012). Moreover, ZEB1/2 are linked to the miR-200 family in a reciprocal negative feedback 69 loop whereby each regulates the expression of the other (Brabletz and Brabletz, 2010 cancer stem-cell properties in infected gastric epithelial cells (Baud et al., 2013 , Bessede et al., 73 2014 possibly as a result of intracellular P. gingivalis replication and cell to cell spread (Lamont et al., 96 1995 , Yilmaz et al., 2006 Figure S2 ). In 119 addition, pharmacological inhibition of Akt with LY294002 also failed to reduce P. gingivalis-120 mediated ZEB1 induction (Supporting Information Figure S3 ). Hence the signaling pathways 121 activated by P. gingivalis fimbriae that converge on Zeb1 remain to be determined, and this 122 topic is under active investigation in our laboratory.
124
The FimA fimbriae are required for maximal invasion of P. gingivalis into gingival epithelial cells 125 (Lamont and Jenkinson, 1998) . However, invasion per se was not required for ZEB1 induction 126 as a mutant of P. gingivalis that is invasion-deficient, due to disruption of the gene encoding the 127 serine phosphatase SerB (Takeuchi et al., 2013) , retained the ability to upregulate ZEB1 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S4) gordonii and F. nucleatum, common inhabitants of the oral microbiota, and in vivo these 140 organisms can be found in close association (Benitez-Paez et al., 2014 , Valm et al., 2011 , Wright 141 et al., 2014 , Hendrickson et al., 2014 . Individually, neither S. gordonii nor F. nucleatum were 142 capable of regulating ZEB1 expression, indicating that of these three widespread oral species, P.
143
gingivalis has the most potential to effect an EMT through ZEB1 (Figure 2 ). Importantly, P.
144
gingivalis remained effective at elevating ZEB1 mRNA in the context of a community with either 145 S. gordonii or F. nucleatum, consistent with recent reports demonstrating that a community of 146 P. gingivalis and F. nucleatum can promote tumor progression in animal models (Gallimidi et 147 al., 2015) . Thus, the tumorigenic properties of P. gingivalis can prevail in the presence of co-148 colonizing organisms, an important principle for in vivo relevance. (Manavella et al., 2007 , Liu et al., 2007 . P. gingivalis stimulated the activity of all of 157 these promoter constructs ( Figure 3A) , indicating that the increase of ZEB1 mRNA induced by P.
158
gingivalis can occur through an elevated transcription rate. These data also localize the 159 response element(s) within the first 400 bp of the promoter. An additional mechanism by which 160 ZEB1 is controlled posttranscriptionally is through the action of the miR-200 family of 161 microRNAs (Brabletz and Brabletz, 2010) . miR-200 family members target conserved 162 recognition sites on the 3′ UTR of ZEB1 mRNA (Brabletz and Brabletz, 2010) , and thus a Figure S5) conditions, therefore, fimbriated P. gingivalis elevate the amount of MMP-9 produced by TIGK 186 cells but do not modulate MMP-9 activation. In contrast expression of MMP-2, which may be 187 more predominantly regulated by Twist (Yang et al., 2013) (Bosshardt and Lang, 2005) and expression of E-cadherin is very low 199 (Heymann et al., 2001) . Thus a reduction of E-cadherin may not be as important for the EMT of Information Figure S7 ) and remained constant over the 8-day period. As shown in Figure Information Figure S8 ). This estimates the fluorescent particles to be 2.0 to 2.8 microns in size, was observed in both the cytoplasm and in the nuclei (Belton et al., 1999) . The ability to manipulate ZEB1 location and function constitutes an important attribute of 254 bacteria with a potential role in carcinogenesis. P. gingivalis is a keystone member of dysbiotic 255 oral communities, which in combination with its ability to spread systemically, and enhance cell 256 survival and proliferation, supports epidemiological evidence of an association with cancers 257 such as OSCC Hajishengallis, 2015) . Moreover, in 258 established invasive OSCC lines, P. gingivalis activates the ERK1/2-Ets1, p38/HSP27, and 259 PAR2/NF-κB pathways to promote cellular invasion (Inaba et al., 2014 (Wright et al., 2013) . In addition, infection of epithelial cells with the 274 early colonizing streptococci can reprogram specific signaling pathways such that they do not 275 respond to the later colonizing P. gingivalis (Handfield et al., 2005 (Naito et al., 2008) , and horizontal gene transfer is considered an adaptive strategy for long 284 term survival in the oral environment (Nadkarni et al., 2014 , Tribble et al., 2007 can also incite the production of proinflammatory cytokines (Lamont and Jenkinson, 1998, 292 Bostanci and Belibasakis, 2012 Hajishengallis et al., 2012) , and the processes that lead to increased ZEB1 promoter activity 295 require further study. The potential importance of FimA expressing P. gingivalis lineages in the 296 events that can lead to tumor development is corroborated by the role of this protein in the 297 acceleration of the epithelial cell cycle (Kuboniwa et al., 2008) . FimA fimbriae, which do not 298 share significant homology to other fimbrial proteins (Enersen et al., 2013) , may thus constitute 299 an attractive target for novel biomarkers or therapeutics. (Brabletz and Brabletz, 2010 (Sawant et al., 2014) . Fibronectin is 327 a component of the cell matrix involved in cell migration processes including metastasis, and 328 expression of alternatively spliced segments of fibronectin is related to OSCC tumorigenesis 329 (Kamarajan et al., 2010) . MMP-9 is secreted as inactive proproteins which are activated by 330 proteolytic cleavage. As a gelatinase, MMP-9 can degrade collagen IV in the basement 331 membrane and extracellular matrix facilitating tumor growth, invasion, metastasis, and 332 angiogenesis (Westermarck and Kahari, 1999) . MMP-9 plays a crucial role in the development 333 of several human malignancies, including OSCC (Kruger et al., 2005 , Bedal et al., 2014 . To begin to translate our results from reductionist in vitro models to the in vivo situation, we 339 orally infected mice with P. gingivalis and examined ZEB1 expression in gingival tissues.
340
Although P. gingivalis is not a normal member of the mouse oral microbiota, it does colonize 341 transiently and causes alveolar bone loss (Hajishengallis et al., 2015) . Our results show for the carcinomas of differing degrees of differentiation (Katz et al., 2011 The activities of MMP2 and MMP9 in culture supernatant collected from control uninfected and 417 P. gingivalis-infected TIGK cells, were determined using gelatin zymography as described (Inaba 418 et al., 2014) . Samples were mixed with SDS sample buffer without reducing reagents, then 419 separated on 10% SDS-polyacrylamide gels containing 0.1% gelatin. The gels were incubated at 420 37°C with 2.5% Triton X-100 for 1 h, and then in 20 mM Tris-HCl (pH 7.5) containing 200 mM 
RNA extraction and quantitative reverse transcription-PCR (qRT-PCR)

Matrigel invasion assay
444
Cell motility was measured by assessment of the migration rate of TIGKs using a BD BioCoat 
Animal infection
453
BALB/c mice were orally infected with 10 7 cfu P. gingivalis 33277 five times at 2-day intervals as 454 described previously (Daep et al., 2011) determined by qPCR with the P. gingivalis 16SrRNA gene as described (Daep et al., 2011 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S1 . Immunoblot of whole cell lysates of P. gingivalis strains probed with polyclonal antibodies to the FimA protein of strain 33277. Figure S2 . JNK knockdown does not affect regulation of Zeb1 by P. gingivalis. A. TIGK cells were transiently transfected with siRNA to JNK1/2 (si Jnk, 100 nM, Sigma) or scrambled siRNA (si ctr).
Control (ctr) cells were nontransfected. JNK mRNA levels in transfected cells were measured by qRT-PCR. Data were normalized to GAPDH mRNA and are expressed relative to ctr. Results are means ± SD, n = 3; *** P < 0.001. B. Transfected TIGKs cells were infected with P. gingivalis 33277 for 24 h at MOI 100. ZEB1 mRNA was measured by qRT-PCR, the data were normalized to GAPDH mRNA and are expressed relative to the noninfected (NI) control. Results are means ± SD, n = 3; *** P < 0.001 compared to NI; NS: not significant. TIGK cells were preincubated with 10 µM LY294002 or vehicle (DMSO) only for 1 h and infected with P. gingivalis 33277 MOI 50 or100 for 6 h. ZEB1 mRNA levels were measured by qRT-PCR, normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. Results are means ± SD, n = 3; * P < 0.05; *** P < 0.001; NS: not significant. Figure S4 . A non-invasive mutant of P. gingivalis can induce ZEB1 expression. qRT-PCR of ZEB1 mRNA expression in TIGK cells infected with P. gingivalis 33277 (Pg WT) or a ΔserB mutant.
Data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls.
Results are means ± SD, n = 3; *** P < 0.001 compared to NI; NS: not significant. Samples were lysed, DNA extracted and qPCR performed with primers specific for P. gingivalis 16S DNA. For enumeration, genomic DNA was isolated from laboratory cultures of P. gingivalis 33277 (numbers determined by viable counting) and a series of dilutions prepared. The number of gene copies in the oral samples was determined by comparison with the standard curve. In the sham infected animals, 2 of 5 mice were colonized with low levels of organisms sufficient similar to P. gingivalis to give a positive result. P. gingivalis levels from day 1, 3 and 8 were statistically greater than sham infected (P < 0.0001) but were not statistically different from each other. Figure S8 . Fluorescent confocal microscopy of a carcinoma in situ biopsy sample probed with P.
gingivalis antibodies (green) and stained with DAPI (blue). Cells were imaged at magnification 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 C. ZEB1 mRNA levels in TIGKs after 72 h infection with P. gingivalis 33277 at MOI indicated.
qRT-PCR data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. Results are means ± SD, n = 3; ** P < 0.01; *** P < 0.001. E. Nuclear localization of ZEB1 calculated by Pearson`s correlation coefficient from images in C (n=100 cells) using Volocity software. Results are mean ± SD; ** P < 0.01; *** P < 0.001.
F. qRT-PCR of ZEB1 mRNA expression in TIGK cells infected with P. gingivalis (Pg) strains at MOI 100 for 24 h. qRT-PCR data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. Results are means ± SD, n = 3; * P < 0.05; *** P < 0.001. normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. Results are means ± SD, n = 3; *** P < 0.001 compared to NI; ### P < 0.001 compared to Pg WT. Data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls.
Results are means ± SD; n = 3; ** P < 0.01; *** P < 0.001. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Results are means ± SD, n = 3; * P < 0.05; ** P < 0.01; *** P < 0.001. the noninfected (NI) control. Results are means ± SD, n = 3; * P < 0.05; ** P < 0.01; *** P < 0.001 compared to NI. ### P < 0.001 compared to si ctr. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 A. TIGKs were infected with P. gingivalis 33277 at the MOI and time indicated. ZEB1 mRNA levels were measured by qRT-PCR. Data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. B. Immunoblot of lysates of TIGK cells infected with P. gingivalis 33277 for 24 h at the MOI indicated. Control cells were uninfected (NI). Duplicate blots were probed with antibodies to ZEB1 or GAPDH (loading control). C. ZEB1 mRNA levels in TIGKs after 72 h infection with P. gingivalis 33277 at MOI indicated. qRT-PCR data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. D. Fluorescent confocal microscopy of TIGK cells infected with P. gingivalis 33277 (Pg) at MOI 50 or MOI 100 for 24 h. Control cells were noninfected (NI). Cells were fixed and probed with ZEB1 antibodies (green). Actin (red) was stained with Texas Red-phalloidin, and nuclei (blue) stained with DAPI. Cells were imaged at magnification x63, and shown are representative merged images of projections of z-stacks obtained with Volocity software. Bar = 10 µm. E. Nuclear localization of ZEB1 calculated by Pearson`s correlation coefficient from images in C (n=100 cells) using Volocity software. F. qRT-PCR of ZEB1 mRNA 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 or a combination of Pg and Sg at MOI 100 for 24 h. B. qRT-PCR of ZEB1 mRNA expression in TIGK cells infected with P. gingivalis 33277 (Pg), F. nucleatum (Fn) or a combination of Pg and Fn at MOI 100 for 24 h. Data were normalized to GAPDH mRNA and are expressed relative to noninfected (NI) controls. Results are means ± SD; n = 3; ** P < 0.01; *** P < 0.001. 53x18mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Quantitative analysis of 4 independent zymograms using ImageJ. * P < 0.05; *** P < 0.001.
106x78mm (300 x 300 DPI) Figure 5 . ZEB1 knockdown suppresses TIGK responses to P. gingivalis. A. TIGK cells were transiently transfected with siRNA to ZEB1 (si Zeb1) or scrambled siRNA (si ctr). Control (ctr) cells were nontransfected. ZEB1 mRNA levels in transfected cells were measured by qRT-PCR. Data were normalized to GAPDH mRNA and are expressed relative to ctr. Results are means ± SD, n = 3; *** P < 0.001. B. Immunoblot of lysates of TIGK cells transfected (as in A) and probed with antibodies to ZEB1 or GAPDH (loading control). C-D. Transfected TIGK cells (as in A) were infected with P. gingivalis 33277 for 24 h at the MOI indicated. The Effect of ZEB1 knockdown on expression of vimentin (B) and MMP9 (C) was measured by qRT-PCR. Data were normalized to GAPDH mRNA and are expressed relative to the noninfected (NI) control. Results are means ± SD, n = 3; * P < 0.05; ** P < 0.01; *** P < 0.001 compared to NI. ### P < 0.001 compared to si ctr. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w Figure 6 . P. gingivalis increases TIGK migration in a ZEB1-dependent manner. Quantitative analysis of TIGK migration through matrigel-coated transwells. TIGK cells were transiently transfected with siRNA to ZEB1 (si Zeb1) or scrambled siRNA (si ctr). Control cells were nontransfected. TIGKs were infected with P. gingivalis 33277 for 24 h at the MOI indicated. Data are presented as the average number of cells invading through inserts coated with matrigel. Results are means ± SD, n = 3; *** P < 0.001 compared to NI. ### P < 0.001 compared to si ctr.
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